The Al-based ex situ and in situ composites are fabricated by totally same staring materials. No pore was observed on their cross sections. The fabricated Al-based ex situ and in situ composites are reactive hot pressed with continuously applied pressure of 60 MPa at 620 and 700°C for 5 min respectively. The reactive hot pressed ex situ composites contain homogeneously distributed metal oxides such as ZrO 2 , Ta 2 O 5 , Nb 2 O 5 , WO 3 and MoO 3 with nano or submicron sizes. On the other hands, the reactive hot pressed in situ composites contain homogeneously distributed ª-Al 2 O 3 and intermetallic compounds such as Al 3 Zr, Al 3 Ta, Al 3 Nb, Al 5 W, Al 12 W and Al 12 Mo. It was found that the ex situ composites have a limited range of the mechanical properties such as Young's modulus and hardness even they contain homogeneously distributed metal oxide particulates with nano or submicron sizes. However, the reactive hot pressed in situ composites present relatively various range of the mechanical properties. It was experimentally confirmed that the in situ composites fabricated by the reactive hot pressing technique is useful for fabricating a high performance structural materials.
Introduction
A number of efforts were started to fabricate particulates reinforced aluminum matrix composites using low-cost reinforcements as well as fabrication processes including powder metallurgy, direct casting and hot molding techniques. 1) However, thermodynamically unstable phases of the reinforcements with Al, poor bonding strength and their big different coefficient of thermal expansions between reinforcements and the Al matrix are still big issues in the particulates reinforced aluminum matrix composite research fields. It is well known that the properties of particulates reinforced aluminum matrix composites are controlled by the size and volume fraction of the reinforcements as well as the nature of the aluminum matrix-reinforcement interfaces. An optimum set of mechanical properties can be achieved when fine and thermally stable ceramic particulates are dispersed uniformly in the aluminum matrix. These requirements are finally reached to the in situ fabrication method. The in situ fabrication simply means the starting materials are transformed into products during fabrication process. On the contrary to this, the ex situ fabrication means the starting materials have no changes. There are several reports explained the effectiveness of the in situ fabrication methods by comparison of the mechanical properties between in situ and ex situ composites.
2) To fabricate in situ composites reinforced by Al 2 O 3 , it is necessary to consider what kind of combinations between Al and metal oxides are most superior. In the periodic 2 and AlZnO. However, there are several conditions to be considered for fabricating the high performance in situ composites. Firstly, the Gibbs free energies for the in situ reactions between Al and metal oxides should be negative. Secondly, it is benefit that the produced intermetallic compounds between Al and substituted elements have to be relatively high melting point in order to improve their mechanical properties such as hardness and Young's modulus. Finally, the solid solubility of the substituted element to the Al matrix should be low as much as possible in order to make the intermetallic compounds more easily formed. From these points of view, the AlNb 2 O 5 , AlZrO 2 , AlTa 2 O 5 , AlMoO 3 and AlWO 3 binary systems were chosen and investigated in this study. Furthermore, to compare their mechanical properties of ex situ and in situ composites, they are fabricated by totally same starting materials and milling conditions. Therefore, the purpose of this research is to investigate how much in situ fabrication method improves the mechanical properties of the composites compared to the ex situ composites. 3 . Additionally, 1 mass% of stearic acid was added in each of the Al Xmass%MO (metal oxide) powders as a process control agent (PCA). The Al powders are surrounded by the amorphous phase of Al 2 O 3 with about 2 nm thickness. Each AlXmass%MO1 mass%stearic acid was located in the bottom of 316 type stainless steel bowl with same type of stainless steel balls under an argon gas atmosphere. The argon gas was purged into the sealed stainless steel vial with the flow rate of 20 ml/min for 1 min using an inlet-outlet device. The weight ratio of ball to powder was 8.1 : 1. The sealed vial was located in the planetary ball milling machine (pulverisette 7 planetary micro mill equipment made by FRITSCH Co) and milled for 8 h with interval time for 1 h in every hour. To perform the reactive hot pressing, the 8 hmilled Al/MO composite powder was located into the cylinder type of graphite mold. The graphite mold was specially designed to the cylinder type for use in the reactive hot pressing. It has designed to internal, external diameters and height with º10, º35 and 40 mm respectively. A hole was drilled on surface of the graphite mold for measuring the sample's temperature. Inside and outside of the graphite mold was carefully sprayed with boron nitride. About 5 g of each 8 h-milled powders was located inside of the graphite mold and cold pressed with 60 MPa. The in situ reaction between the embedded metal oxide particulates and the Al is remarkably happened over the melting point of the Al. Therefore, the cold pressed graphite mold was heated up to 620 and 700°C with heating rate of 5°C/min in the hot pressing equipment. Two different holding temperatures were needed to fabricate the reactive hot pressed ex situ and in situ composites. The holding time at each temperature was 5 min. The pressure of 60 MPa was continuously applied to the all reactive hot pressing process. The microstructures of the reactive hot pressed ex situ and in situ composites were observed by OM and EPMA. The products formed by the in situ reactions between embedded metal oxide particulates such as ZrO 2 , Ta 2 O 5 , Nb 2 O 5 , WO 3 , MoO 3 and the Al matrix powder were confirmed by XRD measurement with fixed conditions (scan speed: 1°/min, voltage and current: 40 kV, 30 mA, target : Cu-k¡). The hardness test was carried out using a micro Vicker's hardness tester with the loads of 1.961N and 4.903N on reactive hot pressed ex situ and in situ composite ingots respectively. The Young's modulus was measured by ultrasonic pulsed-wave transit-time technique. The schematic diagram of experimental procedures is shown in Fig. 1 .
Experimental Procedure

Young's modulus measurement by ultrasonic pulsed-wave transit-time technique
The ultrasonic pulsed-wave transit-time technique is a well established method for measuring the sound velocity in materials, as demonstrated by the existent ASTM E-494 "Standard Practice for Measuring Ultrasonic Velocity in Materials".
3) As the name implies, it involves the transit-time measurement of short wave pulses (by necessity less than sample propagation times) travelling over a known path through the bulk of the sample. The ratio of the path length to the transit time yields the velocity. The technique actually measures an average of the velocity over the path length taken by the pulse. Pulse durations on the order of or less than microseconds with megahertz carrier frequencies is typical. High rate repetitive pulse techniques on the order of kilohertz allow for both rapid and accurate transit-time measurements using time-averaging techniques.
For short duration wave pulses with wavelengths much less than the sample dimensions, two normal modes of bulk wave propagation pertain to extended isotropic media as described in Ref.
3) and by Kolsky. 4, 5) They are the longitudinal and transverse modes with respective velocities V L and V T . Longitudinal waves, sometimes referred to as compressional waves, alternately compress and dilate the material lattice (i.e., generate compressive and tensile strains) as they pass by. The resulting particle motion of the material is parallel to the direction of wave propagation. Transverse waves, on the other hand, generate particle displacements perpendicular to the propagation direction, causing the material and the density (µ) that can be measured by the eq. (2), all the elastic parameters of an isotropic material can be calculated by the Young's modulus. The relationship is as follows.
Young's modulus ðEÞ
The bulk densities of them were measured by the Archimedes method as following equation.
Where the µ is the density of the samples in kg/cm 3 , W a is the weight of the specimen when hung in the air and W b is the weight of the specimen when they immersed fully in distilled water, and 996.52 is the density in kg/cm 3 of the distilled water at 25°C.
Results and Discussion
The in situ reaction temperatures of the 8 h-milled composite powders are started at around 660°C and completed at around 700°C. 7) Therefore, it is possible to fabricate the reactive hot pressed ex situ and in situ composite ingots only by controlling the holding temperatures. The ex situ and in situ composites were fabricated by the reactive hot pressing at 620 and 700°C for 5 min using the 8 h-milled Al/ZrO 2 , Al/Ta 2 O 5 , Al/Nb 2 O 5 , Al/WO 3 and Al/ MoO 3 composite powders respectively. Figure 2 shows their microstructures of the reactive hot pressed ex situ and in situ composites observed by optical microscope respectively. 3 and MoO 3 particulates will occur. Therefore, the reactive hot pressed ex situ and in situ composites reinforced with the embedded metal oxide particulates and products formed by their in situ reactions can possibly fabricate respectively. The product phases such as Al 5 W, Al 12 W and Al 12 Mo have more large volume fractions than the others. In the OM images, it is well correspond to their volume changes of the in situ composites fabricated using 8 h-milled Al/WO 3 and Al/MoO 3 composite powders. Figure 3 shows EPMA-BSE images of the reactive hot pressed composites. The morphology of the AlZr and AlW intermetallic compounds are needle and blocky like shapes due to their own crystal structures respectively. Especially, the thermodynamically stable phase, Al 3 Zr intermetallic compound has tetragonal structures with a longest c axis rather than the other's intermetallic compound. Therefore, only Al 3 Zr intermetallic compounds shows needle like shapes. The morphology and distribution of the AlTa and AlNb intermetallic compounds are almost similar. Area fractions of the product phases in all cases are increasing with increased amount of added metal oxides. Especially, in the case of in situ composite fabricated using 8 h-milled Al 20 mass%MoO 3 composite powder, the Al matrix is almost transformed into the product phases such as Al 12 Mo intermetallic compound and ª-Al 2 O 3 particulate. The volume fraction of the product phases as a function of the added amount of each metal oxide is hardly depends on their intermetallic compound phases. The Al 12 Mo is most effective to obtain high volume fraction of the resultant phases rather than the others. It means that it is possible to fabricate the fully densified in situ composites composed of only the product phases by the joint methods between mechanical milling and reactive hot pressing process. The product phases are formed by the in situ reactions between solid state of embedded metal oxide particulates and the liquid state of Al in an 8 h-milled Al/MO composite powder. It another means that the product phases are hard to escape from the one single Al/MO composite powder during reactive hot pressing due to their limited moving distance and interfacial barrier among those milled powders even in the liquid state of Al. Moreover, the product phases will be continuously produced for relatively short periods of holding time at 700°C. In the case of the Al20 mass%MO, the large volume fraction of the product phases are formed. Therefore, the product phases are hard to be floated and agglomerated rather than in the case of Al10 mass%MO due to the relatively low liquid fraction of Al during reactive hot pressing. Because of these reasons, most of the reactive hot pressed in situ composites contain homogeneously distributed product phases in the Al matrix even when the reactive hot pressing performed at 700°C. The ex situ composites fabricated using 8 h-milled Al/Ta 2 O 5 and Al/Nb 2 O 5 composite powders have pure Al matrix. However, the reactive hot pressed ex situ composites fabricated from using 8 h-milled Al/ZrO 2 , Al/ WO 3 , Al/MoO 3 composite powders have some product phases due to their refine size of the embedded particulates in the Al matrix powder. Their particulate sizes are considerably fine enough to react with solid or semi solid states of the Al matrix at the temperature below the melting point of the Al. It means that the embedded particulate sizes below 1 µm makes in situ reaction possible between solid state of embedded metal oxide particulates and solid or semi-solid states of Al matrix. Meanwhile, it is possible to assume that if the Al/MO composite powders containing over added metal oxide are reactive hot pressed over the in situ reaction temperatures, the Al matrix can be transformed into the intermetallic compound matrix such as Al 3 Figure 4 shows the XRD patterns of reactive hot pressed ex situ and in situ composites respectively. The product phases of the reactive hot pressed in situ composites are confirmed to ª-Al particulate will take more time to be completed at the applied reactive hot pressing condition. On the contrary to this, the XRD patterns of the reactive hot pressed ex situ composites shows small peaks of the product phases such as Al 12 W and Al 12 Mo on the samples fabricated from using 8 h-milled Al/ WO 3 and Al/MoO 3 composite powders. It means that their embedded particulates such as WO 3 and MoO 3 particulates is relatively small enough to react between solid or semi-solid state of Al and solid state of those particulates. The product phases are all surrounded by the interpenetrated microstructure of ª-Al 2 O 3 and homogeneously distributed in the Al matrix with submicron size. Moreover, the nano size of ª-Al 2 O 3 particulates are distributed near the interpenetrated microstructure of ª-Al 2 O 3 as investigated in the previous work. 7) In the case of the reactive hot pressed in situ nanocomposites fabricated using 8 h-milled Al20 mass%MoO 3 composite powders, the product phases such as ª-Al 2 O 3 and Al 12 Mo intermetallic compound will be fully formed and covered the Al matrix. The over added MoO 3 will produce unreacted MoO 3 or Mo-rich phases in the Al matrix after completed their in situ reactions between liquid state of Al and solid state of embedded MoO 3 particulates during reactive hot pressing. Therefore, it is need to consider the reaction priority to form intermetallic compounds or Al 2 O 3 . This over added MoO 3 powders will produce either unreacted MoO 3 particulates or substituted Mo rich phases located in the Al matrix near the products due to their in situ reaction priority. The priority of the in situ reactions to form intermetallic compounds or Al 2 O 3 particulates can be thermodynamically explained. The in situ reaction between liquid state of Al and the solid state of embedded MoO 3 particulates take place by the following reaction formulas. Table 1 .
Total Gibb's free energy for their reactions can be simply calculated by the following equations. Figure 6 shows the EPMA color mapping images of the in situ nano-composite fabricated using 8 hmilled Al20 mass%MoO 3 Table 2 . Based on the results, the relationship of the mechanical properties between ex situ and in situ composites are shown in Fig. 7 . The ex situ composites has limited mechanical properties even they are reinforced by homogeneously distributed metal oxide particulates with nano or submicron size. However, most of the in situ nano-composites have high hardness and Young's modulus than the ex situ composites. Moreover, the in situ composites have various ranges of the hardness and Young's modulus. It means that the mechanical properties of the in situ composites can be freely tailored by the in situ fabrication methods. Especially, the in situ composite fabricated using 8 h-milled Al20 mass%MoO 3 shows highest mechanical properties. It another means that the Mo rich phase which formed by over addition of the MoO 3 could improve the mechanical properties, because it is well wetted and has high mechanical properties.
Conclusions
The reactive hot pressed in situ and ex situ composites having no internal porosities are successfully fabricated by the reactive hot pressing process. The priority of the in situ reaction which phases are firstly formed was determined by thermodynamic considerations. It is found that the interaction energies between liquid state of Al and substituted elements such as Zr, Ta, Nb, W and Mo are not so much influenced to their in situ reactions. The main in situ reaction takes place to form Al 2 O 3 preferentially. It was found that the MoO 3 as a starting material is most effective to improve the hardness from the view point of the added amount. The Young's modulus and hardness of the in situ composites are high rather than the ex situ composites. A various ranges of the Young's modulus and hardness are obtained in the in situ composites. It was found that the mechanical properties of the Al-based in situ composites can be freely tailored by controlling the in situ fabrication method suggested in this study. 
